Abstract: To investigate the mechanism by which laser irradiation enhances the chilling tolerance of wheat seedlings, seeds were exposed to different treatments, and biochemical parameters were measured. Compared with the control group, chilling stress (CS) led to an increase in the concentrations of malondialdehyde (MDA) and H 2 O 2 , and decreases in the activities of superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione reductase (GR), catalase (CAT), peroxidase (POD), and nitric oxide synthase (NOS), and the concentrations of nitric oxide (NO) and protein. Treatment with 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO), sodium tungstate (ST), and NG-nitro-L-arginine methyl ester (L-NAME) followed by CS resulted in further increases in the concentrations of MDA and H 2 O 2 and further decreases in the other parameters. However, treatment with PTIO, ST, and L-NAME followed by laser irradiation had the opposite effects on these parameters. When the seeds were treated with PTIO, ST, and L-NAME followed by laser and CS, the concentrations of MDA and H 2 O 2 were significantly lower and the other parameters were higher than in the PTIO, ST, and L-NAME plus CS groups. These results suggest that CO 2 laser irradiation enhances the chilling tolerance of wheat seedlings by stimulating endogenous NO synthesis.
Introduction
Chilling stress, a widespread abiotic stress at middle and high latitudes, retards the growth and development of plants and ultimately reduces crop yields. Based on the mechanisms of chilling stress, a major target of chilling lesion is cell membranes, resulting in overproduction of reactive oxygen species (ROS) such as superoxide (O 2 − ), hydroxyl radicals (·OH), and hydrogen peroxide (H 2 O 2 ) (Xu et al. 2010) . ROS is a cytotoxic compound and mediates the induction of stress tolerance. To protect cellular and organelles membranes from ROS injury, plants have evolved various enzymatic and non-enzymatic defense systems to detoxify free radicals to reduce oxidative stress. These antioxidant enzymes include superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione reductase (GR), catalase (CAT), and peroxidase (POD). Non-enzymatic antioxidants include glutathione and ascorbate. Among these enzymes, SODs are a group of metalloenzymes that catalyze the disproportionation of superoxide to H 2 O 2 and O 2 and play important roles in protection against superoxide-derived oxidative stress in plant cells (Ramasarma 2007; Korkmaz et al. 2010) . The Asada-Halliwell scavenging cycle in chloroplasts and cytosol is an important step in the defense mechanisms against cellular H 2 O 2 . This cycle involves the oxidation and re-reduction of ascorbate and glutathione through the activation of enzymes such as APX and GR (Shu et al. 2011) . APX catalyzes the reaction of ascorbic acid with H 2 O 2 , and GR catalyzes the regeneration of ascorbic acid (Foyer and Shigeoka 2011) . CAT plays a key role in protecting cells against oxidative stress and is one of the main H 2 O 2 -scavenging enzymes that dismutates H 2 O 2 into water and O 2 (Li et al. 2011) . PODs are enzymes that catalyze the H 2 O 2 -dependent oxidation of a wide variety of substrates, mainly phenolics (Kawano 2003) . ROS-induced damage to cellular membranes always triggers several signaling pathways that regulate responses to abiotic stress. Nitric oxide (NO), a waterand lipid-soluble gas, has emerged as a major signaling molecule of ancient origin and ubiquitous importance (Kato et al. 2010) . As a plant defense signal, NO reacts with free radicals such as superoxide anion (O 2 − ) to potentially eliminate superoxide/hydrogen peroxide signaling (Delledonne et al. 1998) . When ROS production exceeds a plant's scavenging capacity, the plant will be injured by environmental stress. Agricultural scientists have attempted to seek some effective external physical methods of enhancing plant tolerance to environmental stress.
Laser technology has been applied to crops to improve seed germination. Appropriate doses of continuous wave laser irradiation can enhance the germination competence of plant seeds, the enzymatic activities and concentration of chlorophyll, and the photosynthetic rate along with seedling growth and, ultimately, seed yield (Chen et al. 2005; Chen 2008; Perveen et al. 2011 ). Appropriate laser irradiation has also been reported to have pronounced effects on the mineral profile, number of branches per plant, total biomass, leaf area, growth rate, seedling emergence, root and shoot lengths, dry and fresh weights, and crop yields of various plants (Rybinski and Garczynski 2004; Wilczek et al. 2005; Osman et al. 2009 ). We recently demonstrated that laser light and ethylene have positive synergistic effects on enhancing chilling tolerance in wheat seedlings (Chen and Liu 2015) . However, the relationship between CO 2 laser-mediated enhancement of wheat seedling chilling tolerance and NO synthesis remains unclear. We hypothesized that laser irradiation enhances the chilling tolerance of wheat seedlings by stimulating NO biosynthesis because NO is a major signaling molecule in many plant physiological processes such as growth, pathogen defense, and stress tolerance (Delledonne et al. 1998; Beligni and Lamattina 2000; Wendehenne et al. 2004) . To test our hypothesis, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO, a NO scavenger), sodium tungstate (ST), and NG-nitro-Larginine methyl ester (L-NAME) (inhibitors of the NO synthesis enzyme) were used in experiments to scavenge NO or inhibit NO synthesis. The biological effects of these molecules have been demonstrated previously (Adamakis et al. 2008; Liu et al. 2010; Xu et al. 2012) . Then, physiological and biochemical parameters (such as the concentrations of MDA, H 2 O 2 , soluble protein and NO and the activities of NOS, SOD, CAT, POD, APX, and GR) were measured in wheat seedlings. The main objective of this study is to explain the potential mechanism by which laser irradiation enhances chilling tolerance in plants.
Materials and Methods

Plant materials and treatments
Uniform seeds of wheat (Triticum aestivum L. Xiaoyan No. 22, which were provided by the Seed Company of Xi'an, Shaanxi, China) were sterilized for 10 min with 0.05% HgCl 2 and washed for 30 min in running water. After air drying of the surface water, the seeds were randomly allocated to different groups and treated as described in Table 1 . PTIO, ST, and L-NAME were applied based on the results of preliminary experiments (data not shown).
The laser equipment was provided by the Physics Department of Northwest University (Xi'an, China). The laser wavelength was 10 600 nm, with an output beam diameter of 6 mm and magnification to 60 mm by a magnifier. The power density of the CO 2 laser irradiation was 20 mW mm −2 (power was measured using a power meter), and the duration of laser irradiation was 6 min. Sixty uniform and healthy wheat seeds were placed in a single layer in Petri dishes (diameter: 60 mm) and then exposed to CO 2 laser irradiation for 6 min. After the treatments, each group was sown separately in Petri dishes (15 cm) with wet filter paper in growth chambers maintained at 26 ± 1°C, 70% relative humidity, and 380 μmol mol −1 CO 2 . Photosynthetically active radiation (PAR) of 400 μmol m −2 s −1 was provided for 8 h after seed germination. When the seedlings were 3 d old, the seedlings in the CS, PTIO+CS, PTIO+LR+CS, ST+CS, ST+LR+ CS, L-NAME+CS, and L-NAME+LR+CS groups were exposed to chilling stress in growth chambers for 24 h (temperature was regulated at 4 ± 1°C, 70% relative humidity, and 380 μmol mol −1 CO 2 ). After 24 h, the growth chamber temperature was reregulated at 26 ± 1°C for 2 d. The control, PTIO+LR, ST+LR, and L-NAME+LR group seedlings were maintained at 25°C for 5 d in another growth chamber. Every replicate experiment contained 3 dishes with 60 seeds, and all experiments were repeated three times.
Determination of biochemical and physiological characters
The hydrogen peroxide concentration was determined by a peroxidase-coupled assay according to Lin (1988) with some modifications. Fresh roots or leaves (0.5 g) were ground in 2.2 mL of acetone, and the homogenate was centrifuged at 4000g for 20 min. Then, 1 mL of the supernatant was mixed with 3 mL of extraction solvent (CCl 4 :CHCl 3 = 3:1) and 5 mL of distilled H 2 O and centrifuged for 3 min at 4000g. A 3 mL aliquot of the supernatant was mixed with 0.06 mL of 20% TiCl 4 , 0.24 mL of HCl, and 0.5 mL of ammonia and centrifuged for 10 min at 3000g. The sediment was dissolved in 3 mL of 1 M H 2 SO 4 . After centrifuging at 3000g for 5 min, the absorbance was determined at 415 nm.
The O 2 − concentration was determined according to Hu and Pang (2006) with some modifications. Fresh roots or leaves (0.2 g) were ground in 6 mL of 65 mM phosphate-buffered saline (pH 7.8), and the homogenate was centrifuged at 10 000g for 10 min. A 2 mL aliquot of the supernatant was mixed with 1.5 mL of phosphate-buffered saline and 0.5 mL of hydroxylamine hydrochloride and incubated at 25°C for 20 min, followed by the addition of 2 mL of 17 mM 4-aminobenzenesulfonic acid and 2 mL of 7 mM α-naphthylamine. After incubation at 30°C for 30 min, the absorbance was determined at 530 nm. Samples (5 g of fresh leaves and 5 g of roots) of 5-d-old wheat seedlings were used for enzymatic extraction. The samples were homogenized in 10 mL of 0.05 M phosphate buffer (pH 6.7) and centrifuged for 10 min at 10 000g at 0°C. Extraction was performed at 4°C. The supernatant sample was then stored at -20°C until assayed. POD and APX activities were determined according to Nakano and Asada (1981) . SOD, CAT, and GR activities were determined according to Giannopolitis and Ries (1977) , Cakmak and Marschner (1992) , and Smith et al. (1988) , respectively.
Nitric oxide synthase (NOS) activity was analyzed by a hemoglobin assay as previously described by Murphy and Noack (1994) . Wheat samples (5 g of fresh leaves and 5 g of roots) were homogenized in 10 mL of buffer [50 mM triethanolamine hydrochloride (pH 7.5) containing 0.5 mM EDTA, 1 μM leupeptin, 1 μM pepstatin, 7 mM glutathione, and 0.2 mM phenylmethylsulfonyl fluoride]. After centrifugation at 10 000g for 20 min (4°C), the supernatant was collected and recentrifuged at 10 000g for 45 min. The units of enzyme activity were U mg −1 protein.
The nitric oxide (NO) concentration was determined according to Murphy and Noack (1994) . Wheat samples (5 g of fresh leaves and 5 g of roots) were incubated with 100 units of catalase and 100 units of superoxide dismutase for 5 min to remove endogenous ROS before the addition of 10 mL of oxyhemoglobin (5 mM). After 2 min of incubation, NO was determined spectrophotometrically based on the conversion of oxyhemoglobin to methemoglobin by measuring the absorbance at 550 nm. The NO concentration was expressed in μmol mL
The concentration of soluble protein was measured according to Bradford (1976) . Wheat samples (0.5 g of fresh leaves and 0.5 g of roots) were homogenized at 0°C with 2.5 mL of phosphate buffer containing 0.1 M Tris-HCl (pH 8.0), 0.5 M sucrose, 0.06 M L-ascorbic acid, and 0.005 M β-mercaptoethanol per 100 mL of buffer. After thorough grinding, the samples were transferred to a 5 mL centrifuge tube and centrifuged for 15 min at 8000g. A 0.15 mL aliquot of the supernatant was removed with a pipette and added to 0.85 mL of distilled water and 5 mL of 0.1 g L −1 G-250 Coomassie brilliant blue. After 15 min, the absorbance was determined at Table 1 . Different pretreatments of wheat seeds to determine the mechanism underlying the effects of laser irradiation.
Treatments Group 1 CK CS PTIO+CS
Note: CK, seeds were only exposed to distilled water for 12 h; CS, seeds were exposed to distilled water for 12 h and then subjected to chilling stress for 24 h by incubating in growth chambers at a temperature of 4 ºC (chilling stress); PTIO+CS, seeds were treated with 0.5 mmol L −1 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide for 12 h followed by CS; PTIO+LR, seeds were treated with 0.5 mmol L −1 PTIO for 12 h followed by laser irradiation; PTIO+LR+CS, seeds were treated with 0.5 mmol L −1 PTIO for 12 h followed by laser irradiation and CS; ST+CS, seeds were treated with 5 mmol L −1 sodium tungstate for 12 h followed by CS; ST+LR, seeds were treated with 5 mmol L −1 ST for 12 h followed by laser irradiation; ST+LR+CS, seeds were treated with 5 mmol L −1 ST for 12 h followed by laser irradiation and CS; L-NAME +CS, seeds were treated with 5 mmol L −1 NG-nitro-Larginine methyl ester (L-NAME) for 12 h followed by CS; L-NAME+LR, seeds were treated with 5 mmol L −1 L-NAME for 12 h followed by laser irradiation; L-NAME+LR+CS, seeds were treated with 5 mmol L −1 L-NAME for 12 h followed by laser irradiation and CS. 595 nm. A standard curve was prepared by assaying bovine serum albumin (Sigma, pure grade 99%) at a concentration range of 0 to 100 μg mL −1 . The concentration of soluble protein was expressed as mg g −1 FW.
The MDA concentration was measured according to Predieri et al. (1995) . Wheat samples of 0.2 g of fresh leaves and 0.2 g of roots were taken from wheat seedlings and immediately frozen at -70°C. The frozen leaf tissues were then homogenized in 5 mL of phosphate buffer (pH 6.7), followed by centrifugation for 15 min at 8000g. A 0.5 mL aliquot of the supernatant was combined with an equal volume of thiobarbituric acid (TBA) reagent [5% TBA (w/v) in 20% trichloroacetic acid (w/v)] and boiled for 20 min. The absorbance was determined at 532 and 600 nm, and the MDA concentration was expressed in nmol mg −1 protein.
The root and shoot lengths of 5-d-old seedlings were measured with ruler. Sixty 6-d-old seedlings were dried at 80°C and weighed on an electronic scale to determine the biomass (g).
Statistical analysis
Samples were arranged in a completely randomized design with three to five replicates. The data were presented as the mean ± standard error (SE). Results from different treatments were compared using one-way ANOVA (analysis of variance). Following ANOVA, post hoc comparisons of means were performed using Duncan's multiple range tests. Statistical significance was determined at P < 0.05.
Results
Effects of different treatments on cell membrane integrity
Compared with the control group, chilling stress (CS) caused a significant increase in the concentrations of MDA (P < 0.05), H 2 O 2 (P < 0.05) and O 2 − (P < 0.05) in wheat roots and leaves (Figs. 1, 2) . Moreover, PTIO+CS resulted in further increases (P < 0.05) in the concentrations of MDA, H 2 O 2 , and O 2 − . When the seeds were pretreated with PTIO followed by laser irradiation (PTIO+LR), the concentrations of MDA, H 2 O 2 , and O 2 − were significantly lower than those in the PTIO+CS group. In seeds pretreated with PTIO followed by LR and CS (PTIO+LR+CS), the concentrations of MDA, H 2 O 2 , and O 2 − in roots and shoots were similar to those in the control group. Similar trends were observed in wheat seedlings treated with ST and L-NAME, inhibitors of NO formation. The concentrations of MDA, H 2 O 2 , and O 2 − were significantly higher in the groups treated with ST and L-NAME followed by CS than in the group treated with CS alone. But the concentrations of MDA, H 2 O 2 , and O 2 − were significantly lower in seedlings subjected to ST and L-NAME followed by LR than in the CS group. When the seeds were pretreated with ST and L-NAME followed by laser irradiation and then subjected to CS, the concentrations of MDA, H 2 O 2 , and O 2 − in roots and shoots were still lower than in the CS group. PTIO+CS-seeds were treated with 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) followed by chilling stress; PTIO+LR-seeds were treated with PTIO followed by laser irradiation; PTIO+LR+CS-seeds were treated with PTIO followed by laser and chilling stress; ST+CS-seeds were treated with sodium tungstate (ST) followed by chilling stress; ST+LR-seeds were treated with ST followed by laser irradiation; ST+LR+CS-seeds were treated with ST followed by laser and chilling stress; L-NAME+CS-seeds were treated with NG-nitro-L-arginine methyl ester (L-NMAE) followed by chilling stress; L-NAME+LR-seeds were treated with L-NAME followed by laser irradiation; L-NAME+LR+CS-seeds were treated with L-NAME followed by laser and chilling stress. Data are presented as means, and the error bars represent the standard errors (n = 3). Means with a different letter above the bars are significantly different at 0.05 levels according to Duncan's multiple range tests.
Effects of different treatments on antioxidant enzymes
The different treatments also led to change of the activities of APX (Figs. 3a, 3b, 3e, 3f, 3i , and 3j), POD (Figs. 3c, 3d, 3g, 3h, 3k , and 3l), SOD (Figs. 4a, 4b , 4e, 4f, 4i, and 4j), GR and CAT (Figs. 4c, 4d, 4g , 4h, 4k, and 4l) in wheat seedlings. Compared with the control, CS caused a significant decrease (P < 0.05) in the activities of APX, POD, SOD, GR, and CAT in roots and shoots. PTIO, ST, and L-NAME treatments followed by CS led to further decreases (P < 0.05) in these enzymatic activities. These enzyme activities were enhanced in wheat seedlings from seeds pretreated with PTIO, ST, and L-NAME followed by laser irradiation. When the seeds were pretreated with PTIO, ST, and L-NAME followed by laser irradiation and then were subjected to chilling stress, the activities of APX, POD, SOD, GR, and CAT in roots and shoots were significantly higher compared to the PTIO+CS, ST+CS, and L-NAME+CS groups.
Effects of different treatments on NO signal biosynthesis
Compared with the chilling stress group, the PTIO+ CS, ST+CS, and L-NAME+CS treatments resulted in significant decreases in NOS activity and the NO concentration (Fig. 5) , whereas the PTIO, ST, and L-NAME treatments followed by laser irradiation led to increases in these parameters in wheat seedlings. When the seeds were treated with PTIO, ST, and L-NAME followed by laser irradiation and then subjected to chilling stress, NOS activity and the NO concentration were significantly higher than in the PTIO+CS, ST+CS, and L-NAME+CS groups but lower than in the PTIO+LR, ST+LR, and L-NAME+LR groups.
Effects of different treatments on the concentration of soluble protein and seedling growth
Compared with chilling stress, PTIO+CS, ST+CS, and L-NAME+CS led to significant decreases in the concentration of soluble protein, the lengths of shoots and roots (Fig. 6) , and biomass (Fig. 7) . However, PTIO+LR, ST+LR, and L-NAME+LR resulted in significant increases in these parameters. When the seeds were treated with PTIO, ST, and L-NAME followed by laser irradiation and then subjected to chilling stress, the concentration of soluble protein and seedling growth increased significantly compared to the PTIO+CS, ST+CS, and L-NAME+CS groups but decreased compared with the PTIO, ST, and L-NAME followed by laser groups.
Discussion
Numerous processes of plant growth and development are modulated by internal cues and external factors Fig. 3 . Effects of different treatments on the activities of APX (a, b, e, f, i, and j) and POD (c, d, g, h, k, and l) in wheat leaves (a, c, e, g, i, and k) and roots (b, d, f, h, j, and l) subjected to chilling stress. There were 11 treatment groups: (1) CK; (2) CS; (3) PTIO+CS; (4) PTIO+LR; (5) PTIO+LR+CS; (6) ST+CS; (7) ST+LR; (8) ST+LR+CS; (9) L-NAME+CS; (10) L-NAME+LR; (11) L-NAME+LR+CS. See Fig. 1 for the definitions of the treatment groups. Data are presented as means, and the error bars represent standard errors (n = 3). Means with a different letter above the bars are significantly different at the 0.05 level according to Duncan's multiple range tests. (Perveen et al. 2011 ). Chilling stress is one of the most important environmental factors for crop growth and exerts an adverse influence on the physiological and biochemical processes of plants. Membranes are the major potential targets for abiotic and biotic stress. The cellular membrane is a dynamic structure that performs a variety of functions, such as the selective inflow and outflow of molecules and ions, and thus cellular membrane systems play an important role in the compartmentalization of cells and maintaining intercellular homeostasis. The induction of cell membrane damage by abiotic stress (e.g., extreme temperatures, drought, salinity, UV-B, ozone, and heavy metals) has been attributed to free radicals. Chilling stress can lead to the accumulation of poisonous free radicals such as superoxide (O 2 − ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (·OH), disrupting the homeostasis of the free radical elimination system and inducing MDA accumulation (Yamaguchi-Shinozaki and Shinozaki 2006). Consequently, decreasing MDA concentration is of particular importance for plants exposed to chilling stress. One pathway for decreasing MDA concentration is to increase the activities of SOD, POD, and CAT because these enzymes are considered key enzymes for scavenging ROS (Meloni et al. 2003 ). However, Fig. 4 . Effects of different treatments on SOD activity (a, b, e, f, i, and j) in leaves (a, e, and i) and roots (b, f, and j) of wheat seedlings exposed to chilling stress and on GR activities (c, g, and k) and CAT activities (d, h, and l) in leaves of wheat seedlings exposed to chilling stress. There were 11 treatment groups: (1) CK; (2) treatment with the NO scavenger PTIO or NO synthase (NOS) inhibitor L-NAME induces ROS production, decreases the activities of ascorbate peroxidase (APX), catalase (CAT), glutathione reductase (GR), peroxidase (POD), and superoxide dismutase (SOD), inhibits NO synthesis, and retards plant growth (Adamakis et al. 2008; Liu et al. 2010; Xu et al. 2012) . The regulation effect of laser treatment on plant characteristics might be due to the effects of light, electromagnetism, and temperature (Chen et al. 2005) . A suitable dose of laser not only results in increases in biochemical and physiological metabolism, but also leads to enhancements in inner The first question is whether laser irradiation could decrease the accumulation of MDA in wheat seedlings exposed to chilling stress when endogenous NO or its synthesis were inhibited. The results indicated that laser irradiation can maintain membrane integrity when Fig. 5 . Effects of different treatments on NOS activity (a, b, e, f, i, and j) and NO concentration (c, d, g, h, k, and l) in wheat leaves (a, c, e, g, i, and k) and roots (b, d, f, h, j, and l) subjected to chilling stress. There were 11 treatment groups: (1) CK; (2) CS; (3) PTIO+ CS; (4) PTIO+LR; (5) PTIO+LR+CS; (6) ST+CS; (7) ST+LR; (8) ST+LR+CS; (9) L-NAME+CS; (10) L-NAME+LR; (11) L-NAME+LR+CS. See Fig. 1 for the definitions of the treatment groups. Data are presented as means, and error bars represent the standard errors (n = 3). Means with a different letter above the bars are significantly different at the 0.05 level according to Duncan's multiple range tests. endogenous NO is scavenged or inhibited (Figs. 1, 2) . Compared with the control group, chilling stress (CS) caused significant increases in the concentrations of MDA (P < 0.05), H 2 O 2 (P < 0.05), and O 2 − (P < 0.05) in wheat roots and leaves. Moreover, PTIO+CS resulted in further increases (P < 0.05) in the concentrations of MDA, H 2 O 2 , and O 2 − . PTIO pretreatment followed by laser irradiation (PTIO+LR) resulted in significant decreases in the concentrations of MDA, H 2 O 2 , and O 2 − compared to the PTIO+CS group. When the seeds were pretreated with PTIO followed by LR and CS (PTIO+LR+CS), the concentrations of MDA, H 2 O 2 , and O 2 − in the roots and shoots were similar to those in the control group (Figs. 1a, 1b ; Figs. 2a-2d ). Similar trends were observed in wheat seedlings treated with ST and L-NAME, inhibitors of NO formation. The concentrations of MDA, H 2 O 2 , and O 2 − were significantly higher in the groups treated with ST and L-NAME followed by CS than in the groups subjected to CS alone. However, the concentrations of MDA, H 2 O 2 , and O 2 − were significantly lower in seedlings subjected to ST and L-NAME followed by LR than in the CS group. When the seeds were pretreated with PTIO and L-NAME followed by laser irradiation and then subjected to CS, the concentrations of H 2 O 2 and O 2 − in roots and shoots remained lower than those in the CS group. These results demonstrate that laser irradiation can decrease the accumulation of ROS when endogenous NO is scavenged or inhibited. We next evaluated whether laser irradiation could improve antioxidant enzymes in wheat seedlings exposed to chilling stress when endogenous NO was scavenged or inhibited. SODs are a group of metallo enzymes that catalyze the disproportionation of superoxide to H 2 O 2 and O 2 , and play an important role in protection against superoxide-derived oxidative stress in plant cells (Xu et al. 2012) . Detoxification of cellular H 2 O 2 through the activity of the Asada-Halliwell scavenging cycle is an important step in the defense mechanism against active oxygen species. This cycle, which is found in chloroplast and cytosol, involves the oxidation and re-reduction of ascorbate and glutathione through the activation of enzymes such as APX and GR (Foyer and Shigeoka 2011) . APX catalyzes the reaction of ascorbic acid with H 2 O 2 , and GR catalyzes the regeneration of ascorbic acid (Li et al. 2011 ). Catalase can also reduce H 2 O 2 to water but has very low affinity for H 2 O 2 compared with APX. CAT plays a key role in protecting cells against oxidative stress and is one of the main H 2 O 2 -scavenging enzymes that dismutates H 2 O 2 into water and O 2 (Kawano 2003) . Peroxidases are enzymes that catalyze the H 2 O 2 -dependent oxidation of a wide variety of substrates, mainly phenolics (Kato et al. 2010) . We observed changes in the activities of APX (Figs. 3a, 3b, 3e, 3f, 3i, and 3j), POD (Figs. 3c, 3d, 3g, 3h, 3k, and 3l) , SOD (Figs. 4a, 4b, 4e, 4f, 4i, and 4j), GR, and CAT (Figs. 4c, 4d, 4g, 4h, 4k, and 4l) in the wheat seedlings exposed to the different treatments. Compared with the chilling stress group, PTIO, ST, and L-NAME treatments followed by chilling stress resulted in significant decreases in the activities of APX, POD, SOD, GR, and CAT in roots and leaves. Pretreatment of seeds with PTIO, ST, and L-NAME followed by laser irradiation led to enhancements of these enzyme activities in wheat seedlings. When the seeds were pretreated with PTIO, ST, and L-NAME followed by laser irradiation and then subjected to chilling stress, the activities of APX, POD, SOD, GR, and CAT in roots and shoots were significantly higher compared with the PTIO+CS, ST+CS, and L-NAME +CS groups, respectively. This phenomenon suggests that laser irradiation can improve antioxidant enzyme activity when endogenous NO is scavenged or inhibited.
We also examined whether laser irradiation can improve NO biosynthesis in wheat seedlings exposed to chilling stress when endogenous NO is scavenged or inhibited. Nitric oxide (NO) has been used to enhance the acclimation of plants to abiotic and biotic stresses because NO mediates responses to biotic and abiotic stresses (e.g., drought, salt, and heat stresses and disease resistance) (Shu et al. 2011 ). An appropriate dose of NO might eliminate superoxide/hydrogen peroxide signaling, potentiate the detoxification activities of plant cells in response to ROS and induce genes encoding protective enzymes such as peroxidase under stress conditions. Thus, NO is a scavenger in response to stressful conditions (Li et al. 2013) . NO is an intracellular molecule and is produced from L-arginine by various NADPHdependent enzymes called nitric oxide synthases (NOSs). NOS activity and the NO concentration thus directly or indirectly express the acclimatization of a variety of physiological processes to environmental stress (Corpas et al. 2011) . Compared with the chilling stress group, the PTIO+CS, ST+CS, and L-NAME+CS treatments resulted in significant decreases in NOS activity and the NO concentration (Fig. 5) . In contrast, the PTIO, ST, and L-NAME treatments followed by laser irradiation led to increases in these parameters in wheat seedlings. When the seeds were treated with PTIO, ST, and L-NAME followed by laser irradiation and then subjected to chilling stress, NOS activity and the NO concentration increased significantly compared with the PTIO+ CS, ST+CS, and L-NAME+CS groups, but were lower than the PTIO+LR, ST+LR, and L-NAME+LR groups.
Consequently, we determined if laser irradiation improves protein biosynthesis and seedling growth after exposure to chilling stress when endogenous NO is scavenged or inhibited. ROS can affect proteins and produce carbonyl groups either directly by oxidation of amino acid side chains or by secondary reactions with aldehyde products of lipid peroxidation or glycosylation (van der Zand et al. 2010) . Early seedling growth and development are critical phases; fast seedling growth and long-lasting developmental processes are associated with higher crop yields (Shah and Dubey 1995) . Various natural stresses such as high salinity, drought, chilling stress, pollutants, metal toxicity, water-logging, mineral nutrient deficiency, and harmful radiation suppress germination, growth and, ultimately, yield (Fujimaki and Kikuchi 2010) . Growth changes are the first most obvious reactions of plants under stressful conditions. When plants are exposed to stress conditions, their growth and development are significantly inhibited due to decreases in cell division, photosynthesis, respiration, and protein synthesis (Gill et al. 2013) . Consequently, biomass, root length, and shoot length have been used as indicators of stress toxicity in plants (Baker and Walker 1989) . Compared with chilling stress, PTIO+CS, ST+CS, and L-NAME+CS led to significant decreases in the concentration of soluble protein, the lengths of shoots and roots (Fig. 6) , and biomass (Fig. 7) . However, the PTIO+LR, ST+LR, and L-NAME+LR treatments resulted in significant increases in these parameters. When the seeds were treated with PTIO, ST, and L-NAME followed by laser irradiation and then subjected to chilling stress, these parameters were significantly increased compared with the PTIO+CS, ST+CS, and L-NAME+CS groups, but were lower than the PTIO, ST, and L-NAME followed by laser irradiation groups. These effects indicate that laser irradiation can improve protein biosynthesis and seedling growth in seedlings exposed to chilling stress when endogenous NO is scavenged or inhibited.
In conclusion, treatment with PTIO, ST, and L-NAME followed by laser radiation led to significant decreases in the concentrations of H 2 O 2 and O 2 − and improvements in the activities of SOD, POD, APX, GR, CAT, and NOS, the concentrations of NO, and soluble protein and seedling growth. However, PTIO, ST, and L-NAME followed by chilling stress resulted in the opposite results compared with PTIO, ST, and L-NAME plus laser irradiation, respectively. When the seeds were pretreated with PTIO, ST, and L-NAME followed by laser irradiation and chilling stress, the concentrations of H 2 O 2 and O 2 − were significantly lower and the other measured parameters were higher compared with the PTIO+CS, ST+CS, and L-NAME+CS groups. These results demonstrate that NO is an essential signal for wheat seedlings to resist chilling stress by mediating the effects of the antioxidant system, and laser irradiation enhances chilling tolerance by improving NO biosynthesis and further stimulating detoxification enzyme activities.
